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Eruptions from Under-Ice Explosions
INTRODUCTION
During a winter bridging study in Korea, underwater explosions were fired beneath a thin ice cover on the lmjin River. The resulting eruptions of water and ice fragments were recorded with a video camera and motor-driven 35-mm cameras. The video tapes and the photographs were used to measure the maximum diameter and height of each eruption, as well as the vertical velocity of the eruption.
The explosions were tests designed to establish procedures for ice-clearing, and consequently they were not ideal for studying the characteristics of the eruptions . However, they did provide some useful information in an area where data are lacking. The records and measurements also demonstrated that simple equipment, used as opportunity offers, is capable of producing good data.
Because the ice thickness was small relative to the size of the charges, these explosions in the lmjin River probably gave eruptions that are not much different from those produced by explosions beneath a free water surface.
TEST EXPLOSIONS
The primary objective of the work was to develop efficient blasting procedures for clearing a channel across an ice-covered river. Thus most of the tests involved multiple charges, with horizontal separation near the minimum for production of separate eruptions . The ice cover on the river was thin « 9 in., or < 220 mm) and the individual charges were relatively large (5-40 lb, or 2.3-18 kg) to minimize the number required, and hence to simplify the blasting procedure. Current velocity in the river was very low, so that the charges hung vertically beneath the ice when inserted through drill holes. The river was quite shallow during the test period, so that scaled charge depths were necessarily limited, and charges sometimes rested on the river bed.
Each charge was inserted through a drill hole or through a hole cut with a chain saw. It was suspended at the required depth on a downline of detonating cord. The detonating cord was initiated on the ice surface by an electric blasting cap. Details of the explosions are given in Table I , which also lists the size of the crater· that was blown through the ice surface by each explosion. A selection of time-sequence photographs is provided in Appendix A.
DATA FROM THE VIDEO CAMERA
The video camera was a Panasonic industrial camera, model 3250, with a Newvicon tube. The recording deck was a Panasonic portable video cassette recorder, model no. NV8429, using the VHS (half-inch tape) system. This was the standard equipment used for recording the general project operations.
The camera was aimed at the charge location and the lens was adjusted to give optimum coverage for the estimated height of the eruption. The camera had to be far enough back to avoid damage from flying debris. Wherever possible, the field of view was chosen to give a dark background (steep, wooded slopes of the riverbank), with any direct sunlight coming from behind the camera. A length scale was provided by laying out a line through the shot point and at right angles to the sight line; the ends of the measured line were marked by dark rocks laid on the ice.
Video taping started prior to the countdown for the blast and continued until after all the debris had finished falling. Tapes were reviewed immediately after each blast in order to make a qualitative assessment of the blast results .
Back in the laboratory, the tapes were run through an editor frame by frame. The height of each eruption was measured frame by frame on a 20-in. TV screen, so that graphs of height vs time could be plotted. The framing rate was 30/s so that the interval between successive measurements was 33 .3 ms. Results of the video measurements are shown graphically in Appendix B (Fig . BI -B9 ). Velocities were measured from these graphs, giving the results shown in Table 2 .
The video tapes were not used to measure the maximum height and maximum diameter of the eruptions because still photographs from the motor-driven camera provided greater clarity and better contrast. always show up clearly against snow-covered ice or against a light sky. The maximum height of the eruption was not always in the frame of view.
DATA FROM MOTOR-DRIVEN CAMERAS
The motor-driven cameras were ordinary SLR 35-mm cameras (Olympus OM-2) fitted with battery-powered drive units . With ordinary films of moderately high speed, there was no difficulty in operating at high shutter speeds, since the lighting was bright (typically sun on snow).
The camera was aimed at the shot points. including in the field of view the pair of rocks that had been set at a measured distance apart on a line perpendicular to the sight line and through the shot point. The intention was to have two cameras recording each blast, one to give details of the initial stage of the eruption a nd the other to cover the complete height range of the eruption. However, one camera malfunctioned during most of the shots (the shutter jammed). The cameras were tri ggered manually on the countdown for the blast, which was fired electrically . Air temperatures were mild (usually slightly above freezing), and there were no indications that the cameras suffered from stiffening of lubricant s or film.
Measurements were made on the resulting photographs to obtain the maximum diameter and the maximum height of each eruption. Table 3 gives these dimensions, and samples of the photographs are shown in Appendix A .
Wherever possible, the first two or three photographs in a sequence were used to obtain a n estimate of vertical velocit y from the height measurements . The nominal advance rate of the motor drives was 5 frames per second, giving a nominal time interval of 200 ms between exposures . The cameras and drive units were calibrated back at the lahnratory at an appropria te temperature, and the actual framing intervals were found to be 204 ms for the camera that fu nctioned continuously and 235 ms for the faulty camera . Both cameras reached steady speed after one frame; the faulty camera was very slow for the first fra me but the other camera was only slightly below the rated speed for the first frame advance. The velocity estimates are given in Table 3 .
Photo coverage of the blasts was incomplete. This was due partly to failure of one camera, as already mentioned, and partly because the ex plosions were triggered, either prematurely or late , by inexperienced troops using primitive equipment (the operation was also a training exercise for the troops).
DISCUSSION
The values listed in Table 2 as "initial velocity" are eruption velocities that actually apply over a large height range, mostly in excess of 5 m and in some cases over 17 m (Fig. BI-B9 ) . These "initial velocities" should not be confused with the true initial velocities that are measured in the shockinduced spray domes from standard underwater explosions. Having stressed this distinction, the velocities from Table 2 are related to scaled charge depth (Table 4 ) and compared with theoretical 4 ,. shock-spalling velocities for a free water surface and with observed initial velocities for ordinary underwater explosions (Fig. I) . The discrepancies between camera and video measurements in shots 2 and 3 have not been explained; one possibility is that the motor drive or the shutter malfunctioned.
For relatively large-scaled charge depths , the emergence velocities for the ice eruptions cluster around the trend lines for ejection velocities from free water surfaces. At smaller scaled charge depths, the observed emergence velocities for the ice eruptions were smaller than the initial vertical velocities on free water surfaces.
The diameter of the eruption, as given in Table  3 , is shown graphically in Figure 2 . Most of the eruptions were of columnar form, and the maximum diameters were in good agreement with comparable measurements made in shallow ice-free water (Fig. 3) . One set of shallow-depth charges produced smoke crowns, for which the maximum diameters ( Fig. 3) were not far from the values given by Swisdak (1978) .
The maximum height of the eruption is plotted against charge depth in 
